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Abstract 

Uncontrolled inflammation is a contributing factor to many leading causes of human morbidity' and mortalit)^ including atherosclerosis, cancer and diabetes. 
Se is an essential nutrient in the mammalian diet that has some anti-inflammator)' properties and, at sufficient amounts in the diet, has been shown to be 
protective in various inflammator)f-based disease models. More recently, Se has been shown to alter the expression of eicosanoids that orcliestrate the 
initiation, magnitude and resolution of inflammation. Many of the health benefits of Se are thought to be due to antioxidant and redox-regulating properties 
of certain selenoproteins. The present review wiU discuss the existing evidence that supports the concept that optimal Se tntalce can mitigate dysfunctional 
inflammatory responses, in part, tlirougli the regulation of eicosanoid metabolism. The ability of selenoproteins to alter the biosynthesis of eicosanoids by 
reducing oxidative stress and/ or by modifying redox-regulated signalling pathways also will be discussed. Based on the current literature, however, it is clear 
that more research is necessary to uncover the specific beneficial mechanisms behind the anti-inflammatorj" properties of selenoproteins and other Se 
metabolites, especially as related to eicosanoid biosynthesis. A better understanding of the mechanisms involved in Se-mediated regulation of host inflam- 
matory responses may lead to the development of dietary intervention strategies that take optimal advantage of its biological potency. 
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Uncontrolled inflammatory responses can contribute to the 
pathogenesis of many health disorders. Dysfunctional or 
uncontrolled inflammation can be characterised as a chronic 
low-grade inflammation such as that observed in diabetes, 
obesity and atherosclerosis'^'^'. Alternatively, uncontrolled 
inflammation also may manifest as an exacerbated acute 
inflammation as observed in diseases such as sepsis and mas- 
titis Eicosanoids are a class of lipid mediators that constitute 
one of the several pathways that regulate the inflammatory 
response and are biosynthesised by many cell tj^pes including 



endothelial cells and leucocytes. During uncontrolled inflam- 
mation, a combination of the overproduction of pro- 
inflammatory eicosanoids and a diminished synthesis of 
anti-inflammator}f eicosanoids can contribute to an improper 
and incomplete resolution process. Current non-steroidal anti- 
inflammatory drug therapies that target specific enzymes 
involved in eicosanoid biosynthesis have limited efficacy in 
controlling some inflammatorjr-based diseases and can cause 
adverse side effects in both humans and veterinary' species 
Therefore, there is a growing interest to identify alternative 
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therapeutic strategies to regulate uncontrolled inflammation 
through dietary intervention. The potential of optimising 
host inflammatory responses by modifying Se dietary? intake 
has been explored in several inflammatory-based disease 
models such as cancer'-^-', CVD^''-', mastitis^^^ and osteoporo- 
sis''**''. Although Se nutritional status was often associated 
with the magnitude and duration of inflammation, the under- 
lying beneficial mechanisms ascribed to this micronutrient are 
not fuUy described. The aim of the present review is to assess 
how the antioxidant and redox-regulating properties of certain 
selenoproteins can contribute to the beneficial properties of 
Se nutrition in controlling inflammatory-based diseases. The 
abilitjr of selenoproteins to regulate eicosanoid biosynthetic 
pathways in both whole-animal models of disease and in indi- 
vidual cell tjrpes wUl be critically evaluated as potential anti- 
inflammatory mechanisms resulting from optimal Se intake. 
A greater understanding of the factors that can regulate the 
delicate balance between the initiation and resolution of 
inflammatory responses is needed in order to help diminish 
the morbidity and mortaUtjr associated with the pathology of 
inflammatory-based diseases. 



Selenium: an essential micronutrient with anti-inflammatory 
properties 

Selenium and inflammatory diseases 

Se was once considered a toxin when livestock and poultry 
suffered from alkali disease after consuming grass containing 
10—20 parts per million (ppm) Se. Subsequent studies con- 
firmed the potential for Se poisoning when laboratory' rodents 
supplemented with 5—15 ppm of dietarjr Se displayed varying 
degrees of pathology^''''. In contrast, others found that Se 
deficiency (diets containing less than OT ppm Se) caused dis- 
eases such as white muscle disease in cattie and lambs^'"'' 
and Keshan disease in human subjects'"''. Based on these ear- 
lier studies, Se is now understood to be an essential micronu- 
trient in the mammalian diet and our knowledge of its 
metabolism (Fig. 1) and beneficial functions has grown 
immensely. Current recommendations indicate that the 
upper tolerable intake of Se is between 90 and 400 |a,g/ d (rec- 
ommended daUy intake between 30 and 55|j,g/d) for 
humans''^"'' and 0-4mg/kg body weight in rodents'''^''. In a 
review and meta-analysis of the literature, Huang ef al!^''^ 
found that supplementation with Se (between 500 and 2000 
)j.g/d for various durations) in critically iU patients decreased 
mortality rates associated with sepsis. Additionally, women 
with normal pregnancies exhibited significantiy higher blood 
Se concentrations compared with women with pre-eclampsia, 
the leading cause of perinatal and maternal mortaUt}' glob- 
ally'-'''''. In a model of inflammatory bowel disease, rats fed a 
high-Se diet (2 |j,g/ g body weight) for 21 d exhibited decreased 
colonic tissue necrosis'"'''. It is important to note, however, 
that not all clinical trials involving Se supplementation 
improved health outcomes in a significant way. Recentiy pub- 
lished results from The Selenium and Vitamin E Cancer 
Prevention Trial (SELECT) showed that Se supplementation 
(200 |j.g/ d), alone or with vitamin E for a period between 7 



and 12 years, did not prevent diseases such as prostate, lung 
or colon cancers and there were no significant differences in 
cardiovascular events or diabetes between treatment groups 
in men''^-'. Based on these equivocal findings, it is now clear 
that more research is required to better understand the under- 
lying mechanisms of Se's beneficial health properties in order 
to design nutritional intervention strategies that jield more 
consistent and positive results across a range of human health 
disorders. 

Selenium functions as an antioxidant through the activity of 
selenoproteins 

Although the importance of Se to health is not fuUy under- 
stood, one well-characterised function of Se is its abiUt}' to 
mitigate oxidative stress through antioxidant- functioning sele- 
noproteins (Table 1), including the well-studied glutathione 
peroxidase (GPx) and thioredoxin reductase (TrxR) 
families''**''''''. Oxidative stress occurs when the production 
of free radicals, including reactive oxygen species (ROS), reac- 
tive nitrogen species (RNS), oxidised proteins and oxidised 
lipids, outweighs an organism's antioxidant capabilities result- 
ing in cellular/tissue damage '""''. The GPx and TrxR seleno- 
proteins contain a selenocysteine in their active site making 
them suitable for oxidation/ reduction reactions (Fig. 2). 
Whereas GPxl can reduce ROS in the cj^toplasm, glutathione 
peroxidase-4 (GPx4) has the abUitjr to reduce fatty acid hydro- 
peroxides (FAHP) and phospholipid hydroperoxides within 
cellular membranes (Fig. 2(a))''^''"^''. A longer, alternative tran- 
script of GPx4 also was localised to mitochondrial mem- 
branes'^'^'' and shown to maintain ATP production during 
oxidative stress which could have implications on cellular 
activity and function during disease'^*''. Thioredoxin (Trx) 
reduces a variety of radicals including lipid hydroperoxides, 
protein thiols and ROS/RNS. Oxidised Trx is then restored 
to its reduced form by TrxR selenoproteins (Fig. 2(b)). 
Selenoproteins W, K and P (Sepwl, Selk, Seppl) also have 
been suggested to have antioxidant capabilities, but mechan- 
isms are less understood''^'"'"''''. 

Oxidative stress is a contributing factor in inflammatory 
disease pathologies including atherosclerosis'^^'', diabetes'^**'' 
and mastitis'"'''' among others. There is ample evidence to indi- 
cate that selenoproteins can interrupt disease pathogenesis 
through antioxidant-dependent mechanisms. Numerous studies 
in human subjects, food-animal species and rodent models 
demonstrated a negative correlation between measures of 
selenoprotein activity and disease severity due to oxidative 
stress''^"^^^'. Direct evidence of the importance of selenopro- 
teins in mitigating oxidative stress was demonstrated in trans- 
genic studies where overexpression of GPx4 significantiy 
reduced lipid peroxidation in atherosclerosis and ischaemia— 
reperfusion mouse models'"^'^'"'^''. Several in vitro studies also 
demonstrated that TrxRl and selenoprotein P could directiy reduce 
the lipid hydroperoxide, 15-hydroperoxyeicosatetraenoic acid 
(15-HPETE), to its corresponding hydroxyl (15(S)-hydroxy- 
(5Z,8Z,llZ,13E)-eicosatetraenoic acid; 15-HETE)''^-'^'^^, thus 
having implications in reducing atherosclerotic lesion formation 
as a consequence of oxidative stress'"'**''. Collectively, these studies 
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Fig. 1. Selenium metabolism from different dietary sources. Dietary intake sources of selenium include tfie inorganic selenate and selenite (depicted in the green 
stars), whereas organic sources (depicted in the red stars) are obtained from animal and plant sources that provide selenium in the form of selenocysteine (Sec), 
selenomethionine and selenium-methylselenocysteine (Se-methyl-Sec). Inorganic forms of selenium are reduced by thioredoxin reductase (TrxR) and thioredoxin 
(Trx) or converted to selenodiglutathione (GS-Se-SG) by glutathione disulfide (GSSG), reduced by glutathione reductase to glutathioselenol (GS-SeH), then con- 
verted to hydrogen selenide (H2Se) in a reaction with GSSG. Selenoproteins are brol<en down by lyases to form H2Se in intestinal enterocytes. H2Se can then 
be converted into selenophosphate by selenophosphate synthase and Sec by selenocysteine synthase for incorporation of Sec into selenoproteins. H2Se can 
also be converted into methylated metabolites by methyltransferases which are primarily excreted through exhalation, urine and faeces. GSH, glutathione. 



support the contention that optimally functioning antioxidant sele- 
noproteins may be crucial for reducing excess free radical accumu- 
lation and preventing oxidative tissue damage during acute or 
chronic inflammation. 



Ro\e of selenoproteins in cellular redox signalling 

Another way in which selenoproteins may protect against 
immunopathology associated with uncontrolled inflammatory 



Table 1. Summary of mammalian selenoproteins with characterised 
functions* 



Selenoprotein 


Proposed function 


GPx: 1, 2, 3, 4, 6t 


Antioxidant/modify redox tone 


TrxR: 1,2,3 


Implicated in regulation of inflammatory 




signalling 


Sepw1 , Selk, Sepp1 


Antioxidant/reduce FAHP 


SeIR 


Reduction of methyl sulfoxy groups 


Sepp1 


Se transport in blood/reduce FAHP 


Sephs2 


Selenoprotein synthesis 


Sep15, Selm, Sein, 


Involved in misfolded protein response 


Sels 


in the ER 


SelH 


Redox-sensitive DNA-binding protein 


Sell 


Phospholipid synthesis 


Sepn1 


Ca signalling in the ER 


DIG 1, 2, 3 


Thyroid hormone synthesis 


SelO, SelV 


Unknown function 



GPx, glutathione peroxidase; TrxR, thioredoxin reductase; Sepw1, selenoprotein 
W1 ; Selk, selenoprotein K; Seppt , selenoprotein P plasma 1 ; FAHP, fatty acid hydro- 
peroxide; SeIR, selenoprotein R; Sephs2, selenoprotein HS2; Sept 5, selenoprotein 
15; Selm; selenoprotein M; SeIn, selenoprotein N; Sels, selenoprotein S; ER, endo- 
plasmic reticulum; SelH, selenoprotein H; Sell, selenoprotein I; Sepnl, selenoprotein 
N1; DIO, deiodinase; SelO, selenoprotein O; SelV, selenoprotein V. 
'Adapted from Lu & Holmgren'"'', Heras efa/.'""*' and Kryukov etalP"^\ 
fGPx6 contains a selenocysteine (Sec) in man and a cysteine (Cys) in rodents. 



responses is through redox regulation of inflammatory signal- 
ling. The redox state of cells or tissues can be defined as the 
ratio of oxidised and reduced forms of specific redox 
couples^'*'''. Some redox couples relevant to inflammation 
include NADP^:NADPH, glutathione disulfide:2 glutathiones 
(GSH), and oxidised thioredoxin (Trx(SS)):reduced thiore- 
doxin (Trx(SH)2). Thioredoxin and glutathione redox couples 
function with the help of TrxR and GPx selenoproteins, 
respectively. Into ei ^7/. found that GSH was capable of 
modifying nitrosylated forms of the myeloid differentiation 
factor 88 (MyD88) adaptor protein which enhanced signalling 
through the toll-like receptor (TLR4) pathway during acute 
inflammation and resulted in altered IL-8 and IL-6 
expression^^*'^ Mitogen-activated protein kinase (TMAPK) sig- 
nalling also can be affected by redox tone. Apoptosis signal- 
regulating kinase 1 (ASK-1) is a MAPK intermediate that 
activates downstream pro-inflammatory and pro-apoptotic 
signalling cascades'*''*^''. Mammalian Trx is a direct inhibitor 
of ASK-1 kinase activity and a negative regulator of 
ASK-l-dependent gene expression'''*'''. The interaction 
between ASK-1 and Trx was found to be highly dependent 
on redox status since oxidation of Trx by ROS results in 
ASK-1 activation. In contrast, the reduced Trx blocked 
ASK-1 dependent signaUing, indicating a protective role of 
selenoproteins in regulation of apoptosis during oxidative 

(43) 

Stress . 

Known as the central regulator of inflammatorjr gene 
expression, NF-kB similarly can be redox regulated at several 
levels. Vunta et a/.^'**''*''-' reported an association between 
increased pro-inflammatory NF-kB activation, increased 
TNFa production and decreased GPxl activit}' when macro- 
phages were cultured in Se-deficient media that contained only 
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Fig. 2. General reaction mechanisms for antioxidant glutathione peroxidase (GPx) and thioredoxin reductase (TrxR). (a) GPx catalyses the chemical reduction of 
lipid peroxides or H2O2 to respective alcohols and water by glutathione (GSH) which forms glutathione disulfide (GSSG). Glutathione reductase catalyses the 
reduction of GSSG back to GSH in the presence of NADPH. (b) Oxidised protein disulfides and other free radicals are reduced to their corresponding thiols by thior- 
edoxin (Trx). TrxR then catalyses the reduction of oxidised Trx in the presence of NADPH. 



6pmol/ml of Se when compared with cells cultures with 
2 nmol/tnl of Se'-'**-*^\ Decreased plasma Se (0-37 (se 0-05) 
compared with 0-85 (se 0-09) |j,mol/l) and decreased sele- 
noprotein synthesis'-'*^-' in HIV patients were associated with 
enhanced oxidative stress-induced activation of NF-kB 
which promoted HIV viral transcription. In the cytoplasm, 
ROS-mediated activation of NF-kB can be facilitated through 
activation of protein kinase A (PKAc) which results in release 
of NF-kB from inhibitor of kB (IKP)^'*'^-', and overexpression 
of Trx caused a decrease in ROS-mediated NF-kB activity^'*'-'. 
In the nucleus, however, Trx can enhance NF-kB DNA bind- 
ing by reducing oxidised cysteine resides on NF-kB'-''"^ Hirota 
et alP^-' showed that reduced Trx is primarily found within the 
cytoplasm of cells; however, upon oxidant stimulation, Trx 
migrates to the nucleus to enhance NF-kB-DNA binding. 
These few examples demonstrate how selenoproteins can 
both positively and negatively control cell signaUing depending 
on the inflammatorjr pathway and/ or cellular location. Overall, 
Se nutrition and selenoprotein activit}' have the potential to 
improve inflammatory response outcomes in several ways 
including combating oxidative stress in cells/tissues and through 
the redox regulation of inflammatorjr signalling pathways that 
lead to c^'tokine/chemokine production. However, another 
potentially important but less studied mechanism underlying 
the health benefits of Se may involve the biosynthesis of 
bioactive lipid mediators that include the eicosanoids (Fig. 3). 

Can selemium and selenoproteins have an impact on 
inflammation through eicosanoid biosynthesis? 

Regulation of inflammation by eicosanoids 

Eicosanoids are a class of lipid mediators that contribute to the 
orchestration of inflammatory responses. Eicosanoids are syn- 
thesised from PUFA substrates primarily found in the cellular 
membrane including the «-6 arachidonic acid (AA) and Unoleic 
acid (LA) or the «-3 EPA and DHA*''^'. These fatty acid sub- 
strates are oxidised non-enzymicaUy by free radicals or through 
different enzymic pathways including the cyclo-oxygenases 



(COX), lipoxygenases (LOX) and cytochrome P450 pathways 
to produce both pro-inflammatory and resolving eicosanoids 
(Fig. 4). Non-enzymic oxidation of AA produces the isopros- 
tane series of PG-Uke eicosanoids. These Mpid mediators have 
been characterised as biomarkers for oxidative stress'-''^-'. As 
such, they have been quantified in models of inflammatory' 
disease, like atherosclerosis, to identify relationships between 
disease progression and oxidative damage^'''*-'. In addition to 
the isoprostanes, non-enzymic oxidation of AA or LA can 
also produce hydroperoxide metabolites HPETE or hydroper- 
oxyoctadecadienoic acid (HPODE), respectively, that are 
enhanced during oxidative stress^^''-'. Two isoforms of COX 
enzymes are involved in the enzymic oxidation pathways. 
Whereas COX-1 is constitutively expressed in cells, COX-2 
expression is inducible during inflammation^^^''"^ COX cata- 
lyse the oxidation of n-6 AA to PGG2 and PGH2^^**\ From 
PGH2, downstream PG synthases produce PGE2, PGD2, 
PGI2, PGF2a, among others. Alternatively, thromboxane 
(TX) synthases convert PGH2 to thromboxane A2 (TXA2) 
and thromboxane B2 (TXB2). Similar to the COX family, 
there are several isoforms of LOX involved in the enzymic 
oxidation of fatty acids. For example, 5-LOX catalyses the oxi- 
dation of n-6 AA to 5-HPETE which can be further metab- 
oUsed to produce leukotrienes (LT). Both 15-LOX-l 
(12-LOX in mice) and 15-LOX-2 (8-LOX in mice) oxidise 
AA to 12/1 5-HPETE '^-'^''l More recent stadies have led to 
the discovery of anti-inflammatory Upoxins (LX) that are pro- 
duced from the metaboUsm of 12/1 5-HPETE intermediates 
by the 5-LOX pathway^'''''^ Likewise, 12/15-LOX-l can oxi- 
dise the n-6 LA into 9-hydroperoxy-I0E,12Z-octadecadienoic 
acid (9-HPODE) and I3S-hydroperoxy-9Z,IlE-octadecadie- 
noic acid (13-HPODE)'"\ Hydroperoxides can then be 
reduced to form hydroxyl intermediates (HETE and 
hydroxy-octadecadienoic acid (HODE)) and further dehydro- 
genated to form ketone intermediates (oxo-eicosatetraenoic 
acid (oxoETE) and oxo-octadecadienoic acid (oxoODE))'-''^''. 
n-3 Fatty acids also can be oxidised by COX and LOX to pro- 
duce eicosanoids with more anti-inflammatory or resolving 
properties'-^^'. EPA is metabolised by 5-LOX and modified 
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Fig. 3. Selenium's potential impact on the regulation of inflammation. Some of the several ways in which inflammation is mediated through selenoproteins include 
modifying cellular redox tone which has implications on signalling through the NF-kB, mitogen-activated protein kinase (MAPK) and PPARy pathways, controlling the 
expression of inflammatory mediators such as cytokines, chemokines, and cyclo-oxygenase (COX) and lipoxygenase (LOX) enzymes. Selenoproteins also combat 
oxidative stress which could potentially make an impact on COX/LOX enzyme activity and the production of lipid peroxides oxidised non-enzymically by free radicals. 
Non-enzymic lipid oxidation, COX/LOX expression and COX/LOX activity have been shown to regulate eicosanoid biosynthesis. Selenium has been studied in the 
context of each of these regulators and the present review focuses specifically on selenium's impact on eicosanoid biosynthesis. ROS, reactive oxygen species. 
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Fig. 4. Eicosanoid biosynthesis pathways, n-3 and n-6 Fatty acids are released from the cellular membrane by phospholipase enzymes. Long-chain PUFA are oxi- 
dised either non-enzymically by free radicals or by cyclo-oxygenase-1/2 (COX-1/2), 15-lipoxygenase (15-LOX) and 5-LOX enzymes to produce eicosanoid signalling 
metabolites. AA, arachidonic acid; AcCOX, aspirin-acetylated cyclo-oxygenase; 15-epi LXA4, 15-epi lipoxin A4; Rv, resolvin; F2-IS0P, PG-like F2 isoprostanes; TX, 
thromboxane; 15d-PGJ2, 15-deoxy-A^^'^''PGJ2; LA, linoleic acid; HPETE, hydroperoxyeicosatetraenoic acid; 15-oxoETE, 1 5-oxo-eicosatetraenoic acid; HETE, 
hydroxy-eicosatetraenoic acid; MaR,, maresin; PD, protectin; MODE, hydroxy-octadecadienoic acid; 5-oxoETE, 5-oxo-eicosatetraenoic acid; LT, leukotriene. 
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forms of COX-2 to produce E-series resolvins (Rv) 
whereas 12/15-LOX converts DHA to the D-series Rv, pro- 
tectins (PDl) and the macrophage-specific maresin (MaRi). 
During uncontrolled inflammation, a combination of exacer- 
bated production of pro-inflammatorjr eicosanoids and dimin- 
ished production of anti-inflammatory eicosanoids prevents 
fuU resolution and restoration of homeostasis''''^^ Therefore, 
the balance between production of pro- and anti-inflammator}' 
eicosanoids is one factor that determines the inflammatory 
phenot)ipe of a ceU/surrounding microenvironment'-'''^^ 

Eicosanoid abundance and timing of their production are 
crucial to successfully initiate and resolve inflammation. 
Eicosanoid biosynthesis is regulated at several levels and 
both Se and selenoproteins have been studied in the context 
of: (1) altering eicosanoid profiles as a function of manipulat- 
ing dietary Se; (2) feedback loops from other eicosanoids; (3) 
chemically reducing lipid hydroperoxides; and (4) modifjring 
expression and activit}' of COX/LOX en2ymes (Table 2 and 
Fig. 5). However, research has just begun to uncover the 
underlying mechanisms of how Se can influence eicosanoid 
biosynthesis at each level of regulation. 



Selenium and eicosanoid profiles 

Previous studies have documented how dietary Se has an 
impact on the biosynthesis of eicosanoids in several different 
species. Following 2 years of supplementation, increased Se 
in the diet of human subjects (100 M-g/d) was correlated with 
a decreased ratio of urinary 11-dehydro TXB2:2,3 dinor 
6-keto PGFi„. Increased ratios of TXB2:6-keto PGFjq, are 
an indicative biomarker for thrombosis and atherosclerosis*'''''''. 
Previous research by Meydani'-''^-' and then Haberland et a/S''^^^ 
confirmed that adequate Se intake (300 |.ig Se/kg and 0-2 ppm, 
respectively) in rats can decrease the ratio of TXB2:PGFi„ fol- 
lowing short-term (2 months) and long-term (eight gener- 
ations) of dietary modulation, respectively. In dairy cattle 
with mastitis, Se-sufficient diets (0-05 mg Se/kg) were associ- 
ated with decreased pro-inflammatorjr TXB2, PGE2 and LTB4 
eicosanoid production and secretion in milk compared "with 



cows with deficient Se intake after I year of dietary interven- 
tions''''''''. Taken together, these results indicate that dietary Se 
could potentially diminish pro-inflammatory eicosanoid bio- 
synthesis during inflammatorjr diseases. 

Se can also alter feedback loops involved with eicosanoid 
biosynthesis. One example was reported on the positive feed- 
back loop involving the abiUtjr of 15-deoxy-A PGJ2 
(15d-PGj2) to perpetuate anti-inflammatory eicosanoid pro- 
duction by enhancing the expression of its upstream synthesis 
enzyme in macrophages. Compared with Se deficiency (6 
pmol/ml of Se from media FBS (fetal bovine serum) com- 
pared with cells supplemented -with 250 nivi), culturing murine 
macrophages -with Se to maximise GPx activit}' enhanced 
15d-PGj2 production; 15d-PGj2 is a ligand for PPARy that, 
once activated, enhanced H-PGDS (haematopoietic PGD2 
synthase) expression. H-PGDS converts PGH2 to PGD2, 
which is an upstream metabolite of 15d-PGj2^''^'''. Thus, 
depending on the level of regulation, Se could potentially dam- 
pen pro-inflammatory eicosanoid biosynthesis and enhance 
more anti-inflammatory eicosanoid production; however, 
more research is needed to determine the specific mechanisms 
involved at different levels of regulation of eicosanoid biosyn- 
thesis and which selenoproteins could have an effect. 



Antioxidant-dependent regulation of eicosanoid biosynthesis 

There is evidence that certain selenoproteins are at least par- 
tially responsible for the ability of Se to modify eicosanoid 
biosynthesis. A direct cause-and-effect relationship between 
GPx4 and LT production in cancer cells was previously 
explored by Imai et aiy^\ At the metabolite level, GPx4 over- 
expression was shown to reduce FAHP from the 5-LOX path- 
way (5-HPETE to 5-HETE), thus preventing the production 
of LTB4 and C4 in the leukaemia cell Une''^^''. The proposed 
mechanism was the antioxidant capabilities of GPx4 and the 
abiUt}' to reduce FAHP to hydroxyl derivatives. Others 
found that GPx4 reduced 1 5-HPETE to 1 5-HETE and pre- 
incubation of endothelial cells with GPx4 could prevent per- 
oxide formation'-^^''. Both TrxR and Seppl also were shown 



Table 2. The impact of selenium and selenoproteins on eicosanoid biosynthesis 


Se metabolite 


Outcome resulting from sufficient levels of Se metabolite 


Level of eicosanoid regulation 


Se 


I Phospholipase D activity 


Substrate 


Se 


t H-PDGS 


Enzyme expression 




I mPGES-1 






t PGIS 






I TXAS 






I LTA4H 






I COX-2 






I 1 5-LOX activity (haeme oxidation) 


Enzyme activity 


GPx4 


I Isoprostanes 


Eicosanoid production 


Se 


I TXB2:6-keto-PGFi„ ratio 






I TXB2 






I LTB4 






I PGE2, PGF2„ 




GPx1, 4 


Reduces HPETE to HETE 




GPx1, 4 


Reduces HPODE to MODE 





I, Decrease; f, increase; H-PGDS, haematopoietic PGD2 synthase; mPGES-1, microsomal PGE2 synthase-1; PGIS, prostacyclin synthase; TXAS, thromboxane A2 synthase; 
LTA4H, ieukotriene A4 hydrolase; COX-2, cyclo-oxygenase-2; 1 5-LOX, 15-lipoxygenase; GPx4, glutathione peroxidase-4; TXB2, thromboxane B2; LTB4, leukotriene 84; 
HPETE, hydroperoxyeicosatetraenoic acid; HETE, hydroxyeicosatetraenoic acid; HPODE, hydroperoxyoctadecadienoic acid; HODE, hydroxy-octadecadienoic acid. 




Fig. 5. Proposed interactions of selenium witti eicosanoid biosyntiiesis pathways, (a) Selenium and selenoproteins Interfere with elcosanoid feedbacl^ loops. While glu- 
tathione peroxidase (GPx)-l and -4 can reduce fatty acid hydroperoxides (FAHP) to decrease cyclo-oxygenase-2 (COX-2) activity, a buildup of FAHP, when GPx activity 
is lacking, can also Inhibit COX-2. GPx-2 and -4 diminish PGE2-dependent expression of COX-2. Selenium enhances 15-deoxy-A^^'"PGJ2 (15d-PGJ2) production which 
is a ligand for PPARy. PPARy signalling enhances haematopoietic PGD2 synthase (H-PGDS), which syntheslses PGD2, an upstream metabolite of 15d-PGJ2. AA, ara- 
chidonlc acid; mPGES-1 , microsomal PGE2 synthase-1 . (b) Antioxidant selenoproteins can affect different signalling pathways leading to activation of NF-kB and activator 
protein-1 (AP-1 ) and expression of COX, lipoxygenase (LOX) and other Inflammatory mediators such as TNFa and macrophage chemoattractant protein-1 (MCP-1 ). GPx 
can alter the redox state of the myeloid differentiation factor 88 (MyD88) adaptor protein, when MyD88 is denitrosylated by GPx with glutathione (GSH), signalling is 
enhanced. Reactive oxygen species (ROS)-mediated phosphorylation of inhibitor of kB (IKp) can be dampened when antioxidant selenoproteins are present to scavenge 
ROS. The mitogen-activated protein kinases (MARK) can also be affected; ROS-medlated oxidation of thioredoxin (Trx) causes its dissociation from apoptosis signal- 
regulating kinase 1 (ASK-1 ), enhancing signalling activity. In the nucleus, Trx can reduce oxidised cysteine residues on NF-kB, enhancing DNA binding and transcription. 
TLR4, toll-like receptor; TrxR, thioredoxin reductase; IKK, kB kinase; Trx(SS), oxidised Trx; JNK, c-Jun N-terminal protein kinase. 



to have lipid hydrjiperoxidase activity for 15-HPETE, thus 
supporting the contention that these selenoproteins can 
function as antioxidant enzymes against highly reactive 
hydroperoxy intermediates formed during eicosanoid 
metabolism'-"''''^-'. Collectively, these studies suggest that sele- 
noproteins have an important role in protecting cells against 
oxidative damage caused by lipid hydroperoxides found in 
the eicosanoid network. 

Individual selenoproteins also can modify eicosanoid bio- 
synthesis through controlling the activity of COX/LOX 
enzymes. Walther et al. described how the Se-containing 
compound ebselen inhibited 15-LOX activitjr by altering 
the oxidation status of the active-site Fe molecule'^'''. The 
activation of COX enzymes also requires oxidation of their 
active site haeme Fe to form a tjTOsyl radical that is then 
capable of oxidising AA and other fatty acid substrates^^''. 
GPxl can inhibit COX enzyme activity by chemically reducing 
hydroperoxides that could otherwise activate enzymic oxi- 
dation^''-'. An abundance of eicosanoid metabolites and 
other radicals, however, can also inhibit the activitjr of eicosa- 
noid enzymes through what is known as 'suicide inactivation', 
as described for COX^''\ PGI synthase*-^^' and thromboxane 
A2 synthase (TXAS)'-^**-'. A decrease in COX activity was 
described in human endothelial cells due to a buildup of per- 
oxides during diminished GPxl activity^'-'. These findings 
suggest that cellular levels of FAHP are critical in COX 
enzyme activitjr; both an excess of FAHP or absence of 
these radicals can result in COX inhibition. This is interesting 
because GPx-mediated reduction of FAHP could have differ- 
ent effects on COX or LOX activity depending on the 
accumulation of FAHP. FAHP generated by the 15-LOX 
pathway were shown to be affected by another selenoprotein 
in vitro. Seppl, a selenoprotein present in plasma, was shown 
to chemically reduce 15-HPETE into 15-HETE^^^\ 
Additionally, Seppl decreased the production of free radicals 
following stimulation -with 15-HPETE in vitrP'^ . This study 
highlighted the antioxidant properties of the plasma selenopro- 
tein, Seppl, which could have significant implications in 
preventing oxidative stress associated with vascular inflamma- 
tory diseases, such as atherosclerosis. 

Redox regulation of eicosanoid biosynthesis 

Another way that Se can affect eicosanoid profiles is through 
the redox regulation of eicosanoid enzyme expression. 
Pre-treating chondrocytes with physiological levels of seleno- 
methionine (Se-Met) (0-5 yiM) for 24 h, for example, decreased 
IL-iP-induced gene expression of COX-2 and consequent syn- 
thesis of PGE2^**\ Hwang etal showed in mice that supplemen- 
tation with 30 [ig selenate per g body weight for 2 weeks 
decreased tumour size and COX-2 expression in a model of 
colon cancer^''*"-'. Addition of various supraphysiological doses 
of Se (250—500 |a,M) to cultured HT-29 cells dampened extra- 
cellular signal-regulated kinase (ERK) signalling following 
stimulation with a tumour-promoting agent, 12-0- 
tetradecanoylphorbol-13-acetate (TP A), and increased MAPK 
signalling; both of which decreased COX-2 expression''**"^ In 
another model, prostate cancer cells (PC3) pre-treated -with 



sodium selenite (0-5—5 |j,m) for 24 or 48 h had significandy 
decreased NF-kB activity, which is another pathway known 
to control COX-2 expression'-**'-'. As described earlier, the 
redox control of these signalling pathways can occur at several 
signalling intermediates. Collectively, these studies support the 
concept that Se can decrease COX-2 expression, at least in 
part, through the regulation of various redox-dependent signal- 
ling pathways. More research is needed, however, to character- 
ise cause-and-effect relationships identifying where specific 
selenoproteins could be regulating COX-2 expression through 
other redox-regulated signalling pathways. 

Selenium can affect eicosanoid biosynthesis In cancer models 

Inflammatory pathways can play an important role in cancer 
development through regulation of cell proliferation and 
migration^*'^-'. For example, eicosanoids can play an important 
role in tumorigenesis by regulating apoptosis and proliferation 
of cancer ceUs'-**'^'**'*'' and Se may exert anti-cancerous properties 
through the manipulation of eicosanoid signalling. For example, 
Ghosh ei aiS^^^ reported that supplementation with various Se 
doses (0—3 |j,m) for 72 h induced apoptosis of LNCaP human 
prostate cancer cells but not of normal PrEC prostate cells'-**^'-'. 
Additionally, they noted that stimulation of LNCaP with 
5-LOX-derived eicosanoids, 5-HETE and 5-oxoETE 
(5-oxo-eicosatetraenoic acid), reversed Se's apoptotic effect 
and enhanced growth of cancerous cells, thus indicating that 
5-LOX-derived eicosanoids may play a role in promoting can- 
cerous cell growth in prostate cancer'-**''. Other researchers 
explored the relationship between specific selenoproteins and 
eicosanoid regulation in models of colon cancer. In 
GPx2-silenced HT-29 colon cancer cells, an increase in 
COX-2 and microsomal PGE2 synthase- 1 enzyme expression 
with a concomitant increase in PGE2 production was 
reported^'-'. The authors proposed that GPx2 disrupted the 
positive feedback loop of PGE2-dependent expression of 
COX-2, representing a unique role specific for GPx2 in the 
colon cancer model'-"'-'. This same feedback loop also was 
studied in the context of GPx4 and a fibrosarcoma cancer 
model. In L29 fibrosarcoma tumour cells, overexpression of 
GPx4 prevented tumour growth, decreased COX-2 expression 
and PGE2 production, and abrogated PGE2-dependent COX-2 
expression'-**''-'. These studies provide examples in cancer models 
that the redox-regulating properties of certain selenoproteins 
could decrease pro-inflammatory eicosanoid production and 
reduce inflammatoiyr-dependent tumour progression. 

Selenium's effect on eicosanoid biosynthesis in CVD models 

Atherosclerosis is another inflammatory-based disease that 
remains the leading cause of death in the developed world'-'''. 
As such, interest is growing in understanding how Se may 
be beneficial in CVD models. Oxidative stress plays a signifi- 
cant role in the aetiology^ of cardiovascular lesion development 
by promoting the production of oxidised lipoproteins 
(oxLDL) and lipids such as the non-enzymicaUy oxidised eico- 
sanoids, PG-like F2 isoprostanes (F2-IsoP)'-"^*'. These radicals, 
oxLDL in particular, are recognised and internalised by 



circulating monocytes whicli initiate foam cell development 
and macrophage infiltration into blood vessels'-''*^''. The Hpid 
hydroperoxide scavenging GPx4 was overexpressed in a 
mouse model of atherosclerosis (ApoE mice) which 
resulted in decreased overall atherosclerotic lesion develop- 
ment''^^'. The mechanisms behind the protective effect of 
GPx4 in this study were thought to be enhanced through 
GPx4's antioxidant capabilities to decrease the accumulation 
of hydroperoxide radicals and diminish oxidative stress. In 
support of this theorjf, both F2-IS0P production and accumu- 
lation of intercellular and secreted hydroperoxides were 
significandy decreased in GPx4-overexpressing mouse aortic 
endothelial cells compared with atherosclerotic cells^^'^\ 
When mitochondrial GPx4 was overexpressed in a mouse 
ischaemia— reperfusion model, researchers documented signifi- 
candy increased cardiac function and decreased lipid peroxi- 
dation'-"'*'. In another atherosclerosis model, ApoE~^^ and 
GPxl double knockout mice exhibited significandy increased 
atherosclerotic lesion development, suggesting that GPxl 
may also play a role in disease progression'-^^-'. Taken together, 
these data suggest that GPx could be a potential therapeutic 
target during heart disease due to their antioxidant properties 
and their capability to reduce Hpid hydroperoxides and other 
radicals to less reactive Hpid alcohols. 

In addition to the antioxidant properties of selenoproteins, 
other possible mechanisms to explain Se's protective effects 
in an atherosclerosis disease model were examined. For 
example, Paniker et al. explored the impact of fatty acid sub- 
strate availabilitjr and downstream eicosanoid enzymic 
expression'^^'. In their study, sodium selenite (8|j.g/100g 
body weight) supplementation for 30 d in isoproterenol- 
induced myocardial infarction in rats decreased LOX activity, 
leukotriene A4 hydrolase (LTA41-I) expression, and LTB4 pro- 
duction in monocytes^^''. Se supplementation also decreased 
the amount of NEFA in the heart which can serve as sub- 
strates for LOX enzymic pathways. The expression of 
LTA4H was diminished and resulted in decreased LTB4 con- 
centrations. By diminishing the expression of LTA4H, the 
intermediate Hpid metaboHte LTA4 is prevented from being 
metaboHsed to the more pro-inflammatory eicosanoid LTB4, 
and preserved for the biosynthesis of resolving eicosanoids, 
such as LXA4. Although the mechanism behind the decrease 
in LTA4H in Se-treated animals was not explored, evidence 
suggests that specific enzymic pathways are potential target 
for Se-mediated treatment of uncontroUed inflammation. 
The current findings support the concept that antioxidant sele- 
noproteins could play a role in controlling both non-enzymic 
and COX/LOX-mediated oxidation of Hpid mediators during 
CVD. Further research is needed, however, to determine 
which antioxidant selenoproteins are most critical for regulat- 
ing eicosanoid biosynthesis and Hpid peroxide-mediated dis- 
ease progression. 

Selenium's impact on eicosanoids in specific cell-types: 
endothelial cells 

Since many different ceU types function in concert during 
inflammation, studies have focused on characterising the 



effects of Se on single-ceU cultures to determine their role in 
inflammatory disease. EndotheHal ceUs are an important com- 
ponent of the immune system. They are the barrier between 
the blood and tissue, regulate immune ceU trafficking, and 
have been the focus of a number of studies on Se nutrition 
and eicosanoid biosynthesis. Confirmation that selenoprotein 
expression within endotheHal ceUs is essential to survival was 
demonstrated when targeted knock out of selenoproteins in 
murine endotheHal ceUs resulted in embryonic death due to 
haemorrhaging and er^'throcjite immaturity The abUit}' of 
Se to reduce Hpid radical accumulation in endotheHal ceUs 
was explored in early studies by Cao ei alP^^ . Se-deficient 
bovine aortic endotheHal ceUs cultured in the presence of 
only 0-01 ppm Se were characterised by a significant decrease 
in GPxl activit}' with concomitant increases in 15-HPETE 
and TXB2 compared with ceUs supplemented with 10 ng/ml 
sodium selenite'-''^''. The same group then explored the associ- 
ation between diminished Se status of endotheHal ceUs and the 
abiHty of 15-HPETE to eHcit signs of oxidative stress'-^''', 
enhanced adhesion molecule expression'-''^', higher rates 
of apoptosis^''"^' and dampened expression of PGl2''''''^'. 
CoUectively, these studies support the concept that the antiox- 
idant abiHty of selenoproteins is necessary to mitigate the 
pro-inflammatory effects of 15-HPETE and reduce endo- 
theHal ceU death as a consequence of oxidative stress. 
Evidence also supports a direct effect of TrxR in controUing 
oxidative stress and inflammation in vascular endotheHal 
ceUs. Trigona et al. examined the role that TrxR activitjr may 
have on the differential regulation of the antioxidant enzyme 
haeme oxygenase-1 (HO-l) in 15-HPETE-chaUenged endo- 
theHal ceUs*-^*^'. Silencing TrxR expression and activity pre- 
vented the compensatory increase in HO-l when endotheHal 
ceUs were stimulated -with 15-HPETE. Additional experiments 
demonstrated that HO-l induction was dependent on the 
TrxR redox activity since restoring intracellular levels of 
reduced Trx was sufficient to increase HO-l expression 
when endotheHal ceUs were cultured in Se-deficient media 
(less than 0-1 ppm Se)^'^'''. This area requires more attention 
in future research, especiaUy in the context of 15-LOX activitjr 
and redox-regulation of signaUing that controls 15-LOX- 
derived metaboHte formation as there are some conflicting 
reports of the role of this pathway in disease progression. 
Whereas some researchers have found that enhancing 
15-LOX enzyme activity leads to resolving eicosanoid 
production'-''^', others have found enhanced pro-inflammatory 
effects'-^'''. It wHl be necessarjr to identify how selenoproteins, 
such as TrxRl, affect the balance of pro- and anti- 
inflammatory eicosanoids as a function of 15-LOX activitjr 
in endotheHal cells to better understand their role in inflamma- 
tory responses. 

Impact of selenium on eicosanoids in specific cell-types: 
leucocyte function 

Lymphocytes are critical responders to inflammatorjr stimuH. 
They play a major role in inflammatorjr-based diseases includ- 
ing CVD by producing chemoattractants such as macrophage 
chemoattractant protein-1 (MCP-l) to enhance macrophage 



infiltration*'^''''. Lymphocj'tes are also important sources of 
eicosanoids and were studied in the context of Se nutrition. 
One gfoup found significant decreases in eicosanoid pro- 
duction from lymphocytes obtained from rats fed a 
Se-deficient diet containing only<0-05mg Se/kg'-'^'. The 
underlying mechanism behind the decrease in eicosanoid bio- 
synthesis was proposed to be that Se-deficient lymphocytes 
had significantiy diminished phosphoMpase D activation 
which is responsible for liberating fatty acid substrates from 
cellular membranes. Future studies should focus on determin- 
ing how antioxidant selenoproteins can specifically affect the 
expression and activitjr of phosphoHpases, potentially through 
redox regulation, and how this may affect the eicosanoids pro- 
duced during inflammation. 

Macrophages are especially crucial in pathogen recognition 
and orchestration of inflammation. Since macrophages syn- 
thesise copious amount of ROS to aid in pathogen destruc- 
tion, they rely on selenoprotein antioxidants to reduce excess 
radicals that have the potential to cause self-damage^'^''. 
Macrophages were acknowledged as a key cell type in the 
early development of atherosclerosis because they are respon- 
sible for recognising and ingesting oxidised lipoproteins 
(oxLDL)(**^l Macrophag es were the focus of several reports 
characterising eicosanoid regulation as a function of Se status. 
Prabhu et al. were interested in exploring the relationship 
between Se nutrition and the pro-inflammatory signalling path- 
way, NF-kB^^''''. These investigators described an association 
between enhanced NF-kB activity in macrophages cultured 
in media containing only 6pmol/ml of Se when compared 
■with cells supplemented -with 2 nmol/ml of sodium sele- 
nite*'''''. Additional studies proved that a significant increase 
in COX-2 enzyme expression during Se deficiency was 
mediated through increased NF-kB activity'" "\ In contrast, 
Se supplementation (20-50 |j,m) was able to decreased 
NF-kB activation and COX-2 expression through the toll-like 
receptor (TLR4) pathway'""-'. In microglial cells (macrophages 
specific to the central nervous system and brain), pre-treating 
cells with Se-containing compounds (0—10 |a,M) decreased Upo- 
polysaccharide (LPS)-induced NF-kB activation, COX-2 
expression and PGE2 production'"^^-'. Collectively, these 
studies suggest that Se, through the activitjr of antioxidant sele- 
noproteins, could mediate eicosanoid biosynthesis by control- 
ling NF-KB-dependent COX-2 expression. Other signalling 
pathways also may be involved in regulating COX-2 
expression and the subsequent metabolism of lipids through 
this pathway. For example, LPS-stimulated macrophages cul- 
tured in Se-supplemented media (0-1 |a,M-sodium selenite) led 
to a significant decrease in LPS-induced expression of 
COX-2 and TNF-a by inhibition of the MAPK signalling 
pathway'-'*'^-'. Additional experiments demonstrated that mice 
maintained on a Se-deficient diet had significant increases in 
LPS-mediated infiltration of lung macrophages when com- 
pared -with animals maintained on a Se-adequate diet'''^^''. 
One way that Se status was suggested to alter macrophage 
inflammatory properties was through changes in the profile 
of COX-derived eicosanoids. Macrophages cultured in 
Se-supplemented media (OT |j,M-sodium selenite) demon- 
strated a time-dependent increase in the production of 



15d-PGj2 which is an endogenous inhibitor of NF-kB 
activation'-'*'*''. Recentiy, reports showed that downstream 
eicosanoid synthase enzymes also are affected by selenopro- 
teins'^"'. Se supplementation (O-I \m) enhanced macrophage 
expression of H-PGDS and the subsequent increase in 
A -PGJ2 and 15d-PGj2 production. These effects where 
mediated by selenoproteins as confirmed by silencing seleno- 
protein expression through selenophosphate synthatase 2 in 
macrophages. On the other hand, microsomal PGE2 synthase 
and thromboxane A2 synthase (TXAS) were decreased during 
Se supplementation'^"-*. Together, these studies have begun to 
demonstrate the association between antioxidant selenopro- 
teins and different levels of eicosanoid regulation in macro- 
phages through several different mechanisms including 
modification of signalling (i.e. NF-kB, MAPK) to affect 
COX/LOX expression, manipulating downstream eicosanoid 
synthase expression, altering the production of specific eicosa- 
noids, and disrupting eicosanoid feedback loops. However, 
more research is warranted to determine which specific seleno- 
proteins are responsible for these effects in order to gain a bet- 
ter understanding of where in the eicosanoid cascade that Se 
nutritional intervention may be possible. 

Conclusions 

Uncontrolled inflammation, governed in part by eicosanoids, 
is recognised to play a prominent role in the major life- 
threatening diseases of the developed world. Although the 
beneficial anti-inflammatory properties of Se have been 
appreciated for many years, the underlying mechanisms of 
action are not fuUy understood. There is ample evidence to 
suggest that optimal Se nutrition can combat uncontrolled 
inflammation, at least in part, because of the antioxidant and 
redox-regulating capabilities of selenoproteins. Considerably 
less is known, however, about the specific selenoproteins 
that are responsible for these regulator}' mechanisms and 
dynamic changes in their activity that occur during inflam- 
matory' processes. More recentiy, there is a growing 
body of evidence that further highlights the importance of 
selenoprotein-dependent regulation of eicosanoid biosynthesis 
in controlling inflammatory responses. Antioxidant selenopro- 
teins can reduce FAHP and Upid radicals directiy, affecting 
eicosanoid stability as well as phosphoUpase and COX/LOX 
activity. Certain selenoproteins also can regulate cellular 
redox tone which has implications on cell signalling through 
NF-kB and MAPK pathways, all of which can control 
expression of COX/LOX enzymes. A major gap in the exist- 
ing literature, however, is knowledge of how specific seleno- 
proteins can modify eicosanoid networks in such a way as to 
switch from a pro-inflammatory to resolution state and 
thereby mitigate uncontrolled inflammatory responses that 
lead to disease pathogenesis. With the advent of new Upidomic 
analytical techniques'"''-', it should now be possible to conduct 
more detailed investigations of how specific selenoproteins, 
acting individually or in concert with others, can alter the glo- 
bal expression of eicosanoids relevant to specific disease 
models. Genomic-based approaches also will be necessary to 
evaluate the differential expression of selenoproteins in various 



tissues and how selenoprotein activity can affect eicosanoid 
biosynthesis in different cells involved in the inflammatory 
response. Some of the equivocal findings from existing clinical 
studies involving Se nutritional status can be attributed to the 
lack of information that links dietary' intakes of Se-rich foods 
with tissue levels of selenoproteins that are needed to modify 
specific inflammatory-regulating biological responses. More 
precise details of how selenoproteins can modify eicosanoid 
metabolism may not only identify relevant therapeutic targets, 
but also provide accurate biomarkers for assessing optimal Se 
intake. A better understanding of the mechanisms involved in 
Se-mediated regulation of host inflammatory responses wiU 
lead to more efficient and consistent nutritional intervention 
strategies than what has been achieved to date. 
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